Scanning tunneling microscopy (STM) measurements of the (110) surface of magnetite showed the coexistence of two reconstructions: the known (1 × 3) row reconstruction and a surprising atomic structure of high complexity which occupies a small fraction of the surface. Oxygen vacancies on the Fe3O4(110) B-terminated surface have previously been determined to be the most energetically favourable surface termination of those considered [Li et al., Surf. Sci. 601, 876 (2007)]. However, this study only investigated oxygen vacancies which were three-fold coordinated. Here, first principle calculations indicate that two-fold coordinated oxygen represents the most energetically stable oxygen vacancy on the B-terminated (110) surface of magnetite. STM simulations reveal that the structure that occupies a small fraction of the surface corresponds to this energetically favourable B-terminated Fe3O4(110) surface. The oxygen vacancies form an ordered array: along the [110] direction, every second two-fold coordinated oxygen atom is vacant, vacancies are separated by 6Å. In adjacent two-fold coordinated oxygen rows, the vacancies are shifted in the [110] direction by 3Å. Density functional theory (DFT) calculations of the spin density distributions indicate that surface and sub-surface octahedrally coordinated iron atoms are charge ordered. The charge ordering and existence of oxygen vacancies act to reduce the surface charge. However, other polarity compensation mechanisms may be at play to stabilize the surface.
I. INTRODUCTION
Transition metal oxides (TMO) form a diverse range of crystal structures resulting in them exhibiting a wide variety of properties such as: superconductivity [1] , semi conductivity [2] , magneto resistance [3] as well as acting as some of the best insulators. Magnetite (Fe 3 O 4 ) is a half metallic conductor [4, 5] , and a high Curie temperature (838 K) ferrimagnet, it furthermore undergoes a metal insulator transition (Verwey transition) at around 120 K [6, 7] . The (001) and (111) surfaces of Fe 3 O 4 provide catalytic support and act as catalysts in several different reactions including hydrogenation [8] and water dissociation [9] [10] [11] . Furthermore, the spin filtering effect at the magnetite-semiconductor interface leads to polarized spin injection [12] . Due to these potential applications, the material's properties and the continued debate over the nature of the Verwey transition [13] [14] [15] [16] [17] [18] , magnetite has and is still seeing substantial research interest.
Fe 3 O 4 exists in an inverse spinel crystal structure. The oxygen anions form an FCC sublattice within the unit cell. Fe atoms occupy octahedral (Fe oct ) or tetrahedral (Fe tet ) coordinates. Fe oct sites are trivalent or divalent while Fe tet sites are trivalent. At room temperature the conductivity of magnetite arises from the continuous hopping of delocalized electrons between the divalent and trivalent Fe oct sites [19, 20] . Divalent (3d 6 ) and trivalent (3d 5 ) iron atoms have magnetic moments of 4 µ B and 5 µ B , respectively. The antiferromagnetic alignment of octahedral and tetrahedral sites leads to a cancellation of the trivalent magnetic moments. Therefore, magnetite has a magnetic moment of 4 µ B per formula unit. (110) terminated magnetite consists of two alternating planes separated by 1.484Å, namely the A-and B-plane which are illustrated in Fig. 1 . The oxygen atoms in each plane form consecutive (110) planes of the oxygen FCC sublattice. The A-plane contains both coordinations of iron while the B-plane only contains Fe oct iron.
The distribution of electrons throughout the unit cell and a relatively complex crystal structure of magnetite lead to all three low index magnetite surfaces, (001), (110) and (111), being polar. (110) terminated magnetite's polarity arises from the unit cells of the A-and B-planes having a charge deficit and excess of 3 e − . Two adjacent planes can therefore be considered as a capacitor, the sequence of capacitors leads to a diverging electrostatic energy [21] . A compensated polar surface is one which avoids this diverging electrostatic energy, it achieves this by reducing its surface charge to zero [22] . Several polarity compensation mechanisms can stabilize polar oxide surfaces: presence of vacancies [23] [24] [25] , adsorption of foreign species [26] , charge redistribution [27] , increased surface covalent character [28, 29] or faceting [24] . In some cases, the combination of multiple mechanisms has been observed to stabilize oxide surfaces [24, 25] .
STM studies of transition metal oxide surfaces have revealed complex and varying reconstructions: missing oxygen chains lead to a row reconstructed MoO 2 (100) surface [30] , onefold oxygen caps the subsurface layer which contains rows of missing atoms on the (2 × 1) reconstructed TiO 2 (110) surface [31] and nanosized triangular and hexagonal islands stabilise the (0001) and (0001) surfaces of ZnO, respectively [32] . The (001) and (111) surfaces of magnetite also demonstrate complex reconstructions. The (001) -(
• reconstruction is stabilised by subsurface iron vacancies and interstitial surface iron atoms [33] . Three of the six (111) terminations have been observed experimentally, the preparation procedure plays a pivotal role in the termination present. Fe oct [34] , Fe tet [35] and oxygen [36] terminated surfaces have been observed, the existence of a combination of these terminations is possible [34, 37] . Surface vacancies are present on all of the terminations with the only exception being the oxygen terminated strain induced superstructure [36] . Theoretical calculations indicate that (111) surfaces containing adatoms or surface vacancies show comparable surface stabilities to their bulk truncated counterparts [38] . Therefore, considering that the (111) surface is magnetite's predominant cleaving plane, one would expect (110) truncated magnetite to also exhibit complex reconstructions. STM studies on both single crystalline and thin film Fe 3 O 4 (110) have revealed a (1 × 3) row reconstruction [39] [40] [41] [42] [43] [44] [45] . However, differences in the number of rows within the unit cell have been reported. Recently the row structure observed by Parkinson et al. has been explained as periodic nanofaceting which exposes {111} -type planes [45] . STM measurements in our study not just reveal a row reconstructed surface, but also introduce areas with a surprising atomically flat structure. The coexistence of two different reconstructions on the same surface illustrates that there are several possible terminations with only moderate differences in formation energies. Therefore, this work reveals an added level of complexity to (110) terminated magnetite. The combination of a DFT study of the (110) surface with the simulation of STM images allows us to draw conclusions about the atomically flat surface structure.
II. EXPERIMENTAL DETAILS
The sample studied in this work was a single crystal which was float zone grown (Moscow State Steel and Alloys Institute). The crystal was initially polished using P2500 grade sandpaper. Subsequently, diamond and cerium oxide suspensions with a final grain size of 0.01 µm were used for further polishing until an optically flat surface was achieved [46] . The Verwey transition temperature (T V ) was found to be (122 ± 1) K [46] . Stoichiometric magnetite is expected to have a T V of around 120 K [47] . As magnetite becomes cation deficient T V decreases, and the transition eventually disappears. The Verwey transition has been observed to disappear if the iron content is reduced by less than 1% [47] . T V is therefore a very good indicator of the quality of the sample. Preparation and analysis were performed in UHV chambers with base pressures of 5 × 10 −10 mbar and 5 × 10 −11 mbar, respectively. The cleaning cycle began with a 15 h anneal at (750 ± 50)
• C. It was reported that annealing the sample can lead to the diffusion of intrinsic bulk contaminants to the surface, in particular calcium [39, 48, 49] . These calcium contaminants are suggested to originate from the growth process. To avoid the possibility that calcium or other contaminants were present on the surface the sample was sputtered with Ar + ions with an energy of 0.5 keV for 1 h. Several studies reported that annealing reduces the oxygen to iron ratio (see e.g. [40, 50, 51] ). It was also reported that Ar + sputtering can reduce this ratio [40, 52] . Therefore, the sample was annealed in an oxygen partial pressure of 2.5 × 10 −6 mbar at (750 ± 50)
• C for 1.5 h. Argon sputtering was performed for 10 min (I = 10 µA, E = 0.6 keV) in order to remove any oxide layer which may have formed during annealing in oxygen atmosphere. Sputtering can lead to argon being present on the surface, therefore, sputtering was followed by a flash anneal at (825 ± 50)
• C. The microscope used in the presented work is a commercial low-temperature slider type STM from Createc. All images presented were obtained in constant current mode at 77 K. STM images were analysed using the Gwyddion package [53] . The STM tips used were polycrystalline tungsten which were electrochemically etched in NaOH.
III. RESULTS

A. STM measurements
STM measurements of the Fe 3 O 4 (110) surface reveal a row reconstruction, which is presented in Fig. 2(a) . The rows' ridges run along the [110] direction, which is in accordance with literature [39] [40] [41] [42] [43] [44] [45] . The reconstructions periodicity of 25Å (see Fig. 2 (b), top right inset) closely matches three times the lattice parameter of The area which is revealed when the rows break has always been observed to be below the adjacent rows. The two structures are separated vertically by 3Å (Fig.  2(b) , bottom right inset), which corresponds to the interplanar distance between identical planes, i.e. A-plane to A-plane or B-plane to B-plane. Further annealing in a UHV atmosphere leads to the gradual reduction in size and occurrence of the atomically flat surface regions until this reconstruction is no longer present on the surface. We believe that sputtering prior to annealing is pivotal to the existence of the atomically flat regions alongside the row reconstruction. A surface inhabiting both reconstructions can be regained by repeating the 1 h Ar + sputter and 1.5 h anneal, this is the case whether the surface is annealed in a UHV or oxygen atmosphere post sputter. Further work is required to understand both the relationship between the two vastly different reconstructions and how/if the coverage of the atomically flat surface regions can be increased. The strong influence that the cleaning procedure has on the surface structure is unsurprising. Several TMO sur- faces including magnetite have reported a strong dependence of the surface structure on the cleaning procedure [34, 35, 54] and in particular sputtering [30, 55] . Furthermore, we believe it is possible that minor details such as number of annealing cycles and polishing procedure can influence the ratio between the two surface structures.
B. DFT+U calculations
First principle calculations were performed in order to gain an understanding of the atomically flat surface revealed when the rows break. Full spin-polarized DFT calculations were performed using the projector-augmentedwave (PAW) method [56] as implemented in the Vienna Ab-initio Simulation Package (VASP) [57] [58] [59] . The electron exchange and correlation were treated within the generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) functional [60] . To account for the strong onsite Coulomb interaction of localized electrons, Hubbard U corrections with U = 4.50 eV [61] and J = 0.89 eV [62] were applied on the Fe atoms. The Fe 3 O 4 (110) surface was simulated by periodic supercells formed by slabs consisting of 10 unit layers and a 15Å-wide vacuum. The positions of the atoms in the two layers most distant from the surface were constrained to account for the bulk. The Brillouin zone integrations were performed using a 2×3×1 Monkhorst-Pack (MP) grid [63] . The applied energy cutoff was 500 eV. Each system was relaxed until the Hellmann-Feynman force on each atom was less than 0.05 eV/Å.
A previous DFT study of the (110) surface of magnetite concluded that the oxygen vacated B-plane represents the most energetically stable termination of those considered [64] . It should be noted that B-terminated magnetite contains two inequivalent oxygen atoms. All of which are bonded to one surface Fe oct , half are bonded to one sub-surface Fe tet and the other half are bonded to two sub-surface Fe oct . Henceforth, these inequivalent surface oxygen atoms on the B-terminated surface will be notated O 2 and O 3 , with the subscript indicating the oxygen atoms coordination number. The aforementioned DFT study [64] examined three-fold oxygen vacan- (Fig. 4) . Top to bottom corresponds to atoms from left to right in the unit cell depicted in Fig. 4 [65] . Fig. 4 (a) and 4(b) depict the initial and relaxed geometry of the B-terminated O 2 vacancy model. Furthermore, the magnitude of the surface and sub-surfaces atoms relaxations are listed in Table. 1. To the best of our knowledge the oxygen vacated A-plane has not been investigated. However, anion vacancies on the electron deficient A-plane are likely to give rise to an energetically unfavorable surface termination.
C. Simulation of STM images
STM images of the (1 × 2) B-terminated O 2 vacancy model have been simulated. Previous studies of the Fe(110) surface [66, 67] and the oxidised Cu(100) surface [68] have demonstrated that the tip can influence the features observed in STM images. The aforementioned study of the oxidised Cu(100) surface determined that an oxygen terminated tip was highly likely. With these points in mind, we have calculated STM images with and without the inclusion of the STM tip. Simulations without the STM tip correspond to the Tersoff-Hamann scheme [69] . Simulations which included the STM tip utilize the revised Chen's derivative rule [70] and are implemented in the BSKAN code [71, 72] tioned above the four surface Fe oct atoms. This is not surprising since the Fe oct 3d level sits at the Fermi level [4, 19] and the oxygen 2p level sits several eV below the Fermi level [4] . Previous studies of the (111) and (001) surfaces of magnetite also interpreted protrusions in constant current STM images as Fe oct atoms [33, 34] . The unit cells in Fig. 5 reveal that the brightest features in each of the simulated images differ. In Fig. 5(c) the two brightest features are positioned above Fe oct atoms which are bonded to two surface oxygen atoms, in contrast, the brightest features in Fig. 5(d) A polar surface can compensate for its polarity by reducing its surface charge to zero [22] . In order to examine how the existence of oxygen vacancies and predicted Fe oct charge ordering influences the stability of this surface we have calculated the surface charge for ionic conditions. Iron atoms are assigned as either Fe 2+ or Fe
3+
based on whether their spin density distribution is spherical or not and this charge is distributed evenly amongst its bonds. Two surface oxygens are bonded to two subsurface Fe 3+ oct (6-fold) and one surface Fe The largest and brightest features in Fig. 3 form rows separated by 17Å along the [001] direction, the orientation of these features differ from row to row. This indicates that the surface exhibits longer range order than the (1 × 2) model in Fig. 4 . It is possible minor relaxations along the [110] direction to give rise to these asymmetries. A (1 × 4) model, which corresponds to the (1 × 2) model depicted in Fig. 4 doubled in the [001] direction, has been allowed to relax. No additional distortions along the [110] direction were observed. In the present work, we do not determine the nature of these subtly features or the size of the unit. However, the good agreement between experimental and simulated STM images of the B-terminated model containing two-fold oxygen vacancies -which have been predicted by DFT calculations to be the most energetically stable surface vacancy of those considered -leads us to strongly suggest that the investigated surface is B-terminated and contains an ordered array of two-fold oxygen vacancies.
IV. CONCLUSION
Scanning tunneling microscopy images of the (110) surface of single crystalline magnetite revealed two surface regions: the previously reported row structure and a surprising atomically flat surface structure. Density functional theory calculations of the Fe 3 O 4 (110) surface indicate that two-fold coordinated oxygen represent the most energetically stable oxygen vacancy on the B-terminated (110) magnetite surface. The comparison between simulated and experimental STM images indicates that the atomically flat surface region corresponds to this aforementioned B-terminated surface containing an ordered array of two-fold coordinated oxygen vacancies. DFT calculations of the spin density distributions indicate charge ordering of surface and sub-surface octahedral iron. Charge ordering on this oxygen vacated surface reduces the surface charge, additional polarity compensation mechanisms such as increased surface covalent character and/or charge transfer can lead to a stabilized surface. The determination of the surface structure and specifically the mechanism which stabilises this surface may provide insight into how polar and transition metal oxide surfaces reconstruct. The existence of two drastically different structures on the same surfaces indicates that the surface can be stabilised by more than one mechanism. This observation along with the intricacy of the discussed surface structure highlights the complexity of both magnetite's and transition metal oxide surfaces in general.
